Spherical particles of hydroxypropyl methacrylate/ ethylene glycol methacrylate copolymer were synthesized in-house for use in size-exclusion chromatography. The porous hydrophilic material was packed in glass and stainless steel columns to evaluate their chromatographic performance. The support particles were small (approximately 20 Å), and the average pore size was in the low range of mesopores (approximately 100 Å). The packed columns were calibrated by using polysaccharide dextrans, showing a good range of separation for molecular weights between 10 000 and 600 000 daltons. The packing material appears to separate the large molecules through the size-exclusion mechanism. Polysaccharides and polypeptides dissolved in adequate mobile phases were injected into the packed column. The separation of the macromolecules was consistent with the size-exclusion mechanism. Application of the packing material to the separation of small molecules (alkyl alcohols) was also investigated.
S
ince the 1970s, inorganic silica materials have revolutionized the sorbent materials field and enhanced the development of liquid chromatography (1) . Presently, modified silica, synthetic organic, and composite materials are frequently used as solid supports for chromatography.
The success of chromatographic separations is based on a combination of mobile phase composition, column geometry, and stationary phase design for each individual separation. Some desirable characteristics that generally govern the selection of chromatographic media include chemical and physical stability, good mechanical strength, high flow rate compatibility, absence of groups that bind nonspecifically, facile derivatization to allow functionalization, controllable particle size and pore size distribution, batch-to-batch reproducibility, low cost, maximum throughput, high selectivity for the preparative mode, and, finally, maximum efficiency for analytical mode separations (2) .
Various modes of chromatographic separation may be achieved by using packing materials that differ in their retention mechanisms. Size-exclusion chromatography (SEC) is not an adsorption type of chromatography but rather is based on thermodynamic mechanisms driven by the interactions of the solvent and solute, which is sieved through the pores of the packing material. SEC differs from ion-exchange, reversed-phase, affinity, and hydrophobic chromatographic methods, wherein specific or nonspecific adsorption phenomena control surface interactions between the solute and the stationary phase. However, SEC packing materials are not exempt from adsorption interactions.
The SEC technique has been widely used in the analytical separation of macromolecules, as well as in their characterization and purification. SEC depends on the relative size of the macromolecule, i.e., its hydrodynamic volume with respect to the average pore size of the packing material.
SEC is a relative technique, and calibration is performed so that the statistical average molecular weights (Mw = weight average molecular weight; Mn = number average molecular weight) and the molecular weight (MW) distribution of the macromolecule sample can be determined. Absolute measurements without the need of calibration are possible with the use of either an on-line light-scattering detector or an on-line viscometer with universal calibration (3) . SEC calibration standards should be pure and have a narrow MW dispersity (Mw/Mn). Common macromolecules used for calibration purposes are, for example, polystyrene (nonaqueous SEC), polyethylene glycol, polyethylene oxide, polyacrylamide, and dextrans (aqueous SEC). The calibration equation describing the calibration curve is generally defined by Log Y = -bX + a, where Y is the standard MW, X is the column retention volume, and a and b are constants. The linear portion is the effective separation range of the SEC columns. High column selectivity is determined by the columns' narrow pore size distribution, high degree of homogeneity, and the low slope of the calibration curve (4) . Calibration graphs with a small slope (shallow curve) indicate high selectivity but in a rather limited working range, i.e., the column will resolve molecules of similar size. Steeper and larger calibration slopes are less selective; however, they indicate a wider range of MW separation (5) . In addition, deviations from linearity can occur and are indicative of nonspecific interactions, unusual molecular shapes, or multimodal pore size distribution. This paper reports the successful use of a porous polymeric packing material in SEC. It was synthesized through the copolymerization of hydroxypropyl methacrylate (HPMA) as the monomer and ethylene glycol methacrylate (EDMA) as a cross-linker. Its application to the separation of macromolecules (polypeptides, polysaccharides) is described and discussed.
Experimental

Preparation of HPMA Beads
The synthesis of different batches of HPMA beads (HPMA/EDMA copolymer) has been described elsewhere (6, 7) . It was performed by a free radical suspension polymerization in an aqueous medium with the use of an organic polyvinyl alcohol suspending agent. Dodecanol (DOD) was used as the porogen solvent. Polymerization was at 70°C and 375 rpm in the presence of the initiator, 2,2′-azobis (2-methylpropanenitrile). The beads used in this study were produced with an HPMA:EDMA:DOD molar ratio of 1:0.73:1.09. DOD was used in a concentration of 41.25% (w/w) of the total organic percentage.
HPMA Packing for Use in SEC
SEC columns were prepared with a concentrated aqueous slurry suspension (32.5%, w/v) of the beads and packed. Glass columns (25 × 1.5 cm id) were used for packing under low pressure by using a constant-velocity peristaltic pump (Cole-Parmer, Vernon Hills, IL). A medium-pressure packing procedure was also used to pack a stainless steel column (300 × 4.6 mm id) by using a reciprocating plunger pump (Haskel Engineering, Burbank, CA). A minimum of 5 column volumes were collected for each column during the packing process. e Total column volume = 24 mL. f Column volume parameters: Vo = 2.52 mL; Vm = 4.14 mL; and Vi = 1.62 mL. g Total column volume = 5 mL.
Calibration of the HPMA Packed Columns
A series of dextran standards, referred to as dextran standards A (MW = 2 000 000; MW = 600 000; MW = 170 000; MW = 75 000; MW = 40 000; and MW = 10 000), obtained from Polysciences, Inc. (Warrington, PA), was used to calibrate the SEC columns. Dextran nonstandards, referred to as B series (MW = 5-40 000 000; MW = 2 000 000; MW = 473 000; MW = 76 000; MW = 43 000; and MW = 10 000), obtained from Aldrich Chemical Co., Inc. (Milwaukee, WI), were also used. Each standard was injected in duplicate, and the average of the elution volume peak was reported. The mobile phase, deionized, distilled water, was used at a flow rate of 1 or 0.3 mL/min for the glass and stainless steel columns, respectively, with refractive index (RI) detection. Ethanol was used as the column marker for the HPMA packing material. Samples like polysaccharides, i.e., xanthan gum (XAG; MW = >1 000 000), alginic acid, sodium salt (SAG; MW = 120 000-190 000), agarose (AGA; MW, not defined), and proteins, i.e., bovine serum albumin (BSA; MW = 66 000), ovalbumin (OVA; MW = 44 000), and cytochrome (CYT; MW = 12 375), all obtained from Sigma Chemical Co. (St. Louis, MO), were used to test the calibrated columns. Mobile phases consisted of 0.1% (w/v) sodium azide (Aldrich Chemical Co., Inc.) in water for the polysaccharides and 0.01M TRIS (Fisher Scientific, Fair Lawn, NJ) buffer, pH 8.0, with 0.002M sodium sulfate for the proteins. A 0.01M phosphate buffer solution (PBS) containing 0.2M sodium sulfate (Fisher Scientific), pH 6.5, was also tested. A series of alkyl alcohols of low MW, i.e., ethylene glycol (EG; MW = 62.07), propylene glycol (PPG; MW = 76.10), 1,4-butanediol (BG; MW = 90.12), and 1,5-pentanediol (PG; MW = 104.15), was also used. All chemicals were used without further purification.
Instrumentation
All separations were performed by using a Spectra-Physics P100 liquid chromatograph (Thermo Separation Products, San Jose, CA) with a manual injection loop valve of 20 or 100 µL and isocratic mobile phase elution at room temperature. An RID-6A RI detector (Shimadzu Corp., Kyoto, Japan) or a UV-100 Spectra-Physics ultraviolet (UV) detector connected in series were attached to a Recordall Series 5000 register (Fisher Scientific) with chart speed of 0.25 cm/min and attenuation of 10 or 100 mV. The packed columns were initially equilibrated with deionized, distilled water before use in SEC.
Results and Discussion
The chromatographic tests were conducted with a selected batch of several of the porous hydrophilic synthetic particles produced (HPMA beads), as described previously (6) . The HPMA beads obtained from the copolymerization of HPMA and EDMA showed good physical characteristics. These beads were produced with 41.25% of the porogen DOD, in order to obtain porous spheres suitable for SEC packing material. The beads were characterized according to pore size and pore volume through scanning electron microscopy (SEM) and nitrogen sorption analysis (NSA). The SEM results showed average pore size of approximately 100 Å and the NSA results showed 351 × 10 -3 mL/g of total pore volume for the HPMA beads used in this work.
After the manufacture and characterization of the material, it was packed into a column, and its separation ability was assessed through the construction of a calibration curve by using a narrow MW distribution reference standard (7). The HPMA beads in glass and stainless steel columns were evaluated with respect to performance and behavior with the solutes. Column performance is influenced to a large extent by the quality of packing. Flow inequality and undesired diffusion can be minimized by homogeneous support particles and packing (8, 9) . For this reason, the particles were sieved through a standard stainless steel sieve (53 µm mesh size) and repeatedly sedimented in acetonitrile and water to eliminate coarse and fine particles, respectively. During the packing procedure with the constant velocity pump, it was important to use a column and reservoir of the same diameter so as not to disturb the constant flow in the low-pressure packing. Figure 1 depicts the general chemical structure of the dextrans used as the calibration standards. Dextran, a polymer of anhydroglucose, is composed of 95% α-d-(1,6) linkages; the remaining 5% are α-(1,3) branchings. Native dextran has been found to have an MW in the range of 5000 to 9 000 000. Dextrans of lower MW exhibit slightly less branching and narrower MW distribution. Dextrans with an MW of >10 000 behave as if they were highly branched, and those with an MW of <1000 exhibit the properties of an expanded coil (10) (11) (12) .
The chromatograms in Figures 2 and 3 represent the dextran standards A solutions: (a) MW = 2 000 000, (b) MW = 600 000, (c) MW = 170 000, (d) MW = 75 000, (e) MW = 40 000, and (f) MW = 10 000, and (g) glucose, MW = 180, plotted according to retention volume (Ve). The samples were injected into the HPMA packed glass (25 × 1.5 cm; Figure 2 ) and stainless steel (300 × 4.6 mm; Figure 3 ) columns, and deionized, distilled water was used as the mobile phase at a flow rate of 1.0 and 0.3 mL/min, respectively, with RI detection.
Dextran MW = 2 000 000 (Figure 2a) , whose MW dispersity (Table 1) was prominently higher, did not show good baseline resolution and produced 2 peaks. Other dextran standards with lower MW [ Figure 2 (b-e)] were eluted with baseline or nearly baseline resolution. Two peaks and a shoulder can still be distinguished in Figure 2c for the MW = 170 000 dextran standard, with Mw/Mn = 2. The first (smaller) peak indicates the presence of fewer molecules with a higher MW when compared with the second (major) peak, which indicates the separation of a greater number of lower MW molecules from the MW = 170 000 dextran standard.
The glass column was able to resist the constant high linear flow (68 cm/h, corresponding to 2 mL/min) during the column equilibration. Despite the small particle size of the HPMA beads (approximately 20 µm), the backpressure was very steady at the flow rates used. Elution volumes at the peaks of the chromatograms were recorded. The distribution coefficients or retention factors (k) were calculated by using the equation k = (Ve -Vo)/Vi to construct the calibration curves in Figure 4a and the % column separation range curves in Figure 4b .
The effective column volume, Vi, which is the difference between the mobile phase volume, Vm, and the excluded volume, Vo, resulted in the included pore volume (Vi = Vm -Vo), which measured 14.2 and 1.62 mL for the HPMA glass and stainless steel columns, respectively. Vm and Vo represent the retention volume of ethanol and of dextran MW 2 000 000, respectively.
The efficiency (N, number of theoretical plates) of the columns was evaluated with ethanol by using the equation N = 5.54(Ve/w 1/2 ) 2 , where N was calculated by using the peak elution volume, Ve, and the peak width at half peak height, w 1/2 , in the same units. The results showed values of 3400 and 3300 plate numbers per meter for HPMA, with the glass and steel columns, respectively.
In contrast to normal-or reversed-phase chromatography (NPC or RPC), elution in SEC is not usually accompanied by peak broadening, thus decreasing the need for a gradient, which is commonly used in RPC (13, 14) . The components of interest that eluted in the linear portion of the SEC calibration curve represent the portion of effective linear separation. The retention factors were in the range of 0.62-0.89 and 0.11-0.70, and the column volumes were 57-73 and 54-73% for the linear portion of the calibration curves for the HPMA glass and steel columns, respectively. These values are normally found in the ranges of 0.2-0.8 for the retention factor and 40-80% of the total column volume (3).
The HPMA calibration curves of the glass and stainless steel columns were plotted according to retention factor, as shown in Figure 4a .
The calibration curve of dextran standards A obtained by using HPMA (Figure 4a ), packed in both glass and stainless steel columns, was linear for MW in the range of 600 000-10 000. Figure 4a shows the superimposed calibration curves for the HPMA glass and stainless steel columns as a function of the retention factor, k. It shows that the glass col- umn presents a clearer linear region than does the stainless steel column. The slope of the calibration curve for the glass column, however, was steeper than that of the calibration curve for the steel column, indicating that the HPMA steel column was able to distinguish and separate macromolecules of similar MW and, thus, is more selective. Figure 4b shows the linear retention factor range for HPMA columns as a function of the % column volume separation range. This graph allows for the assessment of the column linear elution range. The columns evaluated with the HPMA packing material presented approximately the same effective elution range. Table 2 shows the calibration parameters for the dextran series A calibration obtained with HPMA in the glass and steel columns.
The dextran standards A series was compared with the dextran nonstandards B series available commercially. The comparison showed that the dextran nonstandards B series could be used as calibration curve standards. In the present work, dextran nonstandards B were tested in glass and stainless steel packed columns and showed results comparable to the linear regression equations obtained with the dextran standards A calibration curves. Table 3 shows the calibration curve equation parameters for the dextran nonstandards B.
The separation profile of the mixture of the 4 dextran nonstandards B (MW = 5-40 000 000, 2 000 000, 473 000, and 43 000), injected in the stainless steel HPMA column, was easily visualized in 4 peak regions, as shown in Figure 5 .
Application of HPMA Packing Material
The HPMA material tested in the stainless steel column showed a distinctive elution profile for the polysaccharides XAG, SAG, and AGA (12) injected ( Figure 6 ). Size exclusion was the mechanism involved in this elution, because the larger macromolecules eluted earlier, although the possibility of other interactions is not excluded.
The polysaccharide AGA displayed the longest retention in the HPMA packed column when 0.1% (w/v) aqueous sodium azide was used as the mobile phase at 0.3 mL/min. Separate injections of XAG and SAG yielded 2 peaks for each injection. For both of these polysaccharides, the major peak was distinct from the second, minor peak, thereby providing different retention volumes. Both minor peaks, however, demonstrated similar shapes and a retention volume that was similar to that of the peak for AGA, which was injected into the same column. The presence of the minor peak in the XAG and SAG chromatograms may be attributed to their native structural heterogeneity, a result of the presence of different functional groups in these macromolecules. It may be postulated that the presence of the smaller peak in the XAG and SAG chromatograms accounts for a macromolecule of MW similar to that of the macromolecule represented by the peak in the AGA chromatogram.
The HPMA stainless steel column was also evaluated for its ability to separate proteins in the same mobile phase (0.01M TRIS⋅HCl, pH 8.0, containing 0.002M sodium sulfate). In this case, the order of elution of the BSA (pI = 5.0) and OVA (pI = 4.6) proteins, as shown in Figure 7 , was consistent with the size-exclusion mechanism, because both macromolecules were totally ionized at pH 8.0. However, the CYT macromolecule (pI = 10.6), which was positively charged at pH 8.0, was trapped within the pores and could not be detected. It is known that a protein having a pI value higher than the pH of the elution buffer is retarded when compared with the expected elution volume based on MW (15) .
The HPMA beads were small in both overall size and pore size and had been shown by their calibration curves to be effective in separating compounds of low MW. This assumption was indeed confirmed for a series of alkyl alcohols (EG, PPG, BG, and PG); however, adsorption mechanisms played a major role in this separation, rather than the expected size-exclusion mechanism (Figure 8 ). These results may be explained by the influence of the interaction between the solute alcoholic hydroxyl groups and the stationary phase, which may be more important than the SEC phenomenon with these small molecules.
This behavior was manifested by the most polar molecule in the series, EG, which eluted first. By analogy, the less polar PG had a longer retention time in the column. It is important to note that the mobile phase used was polar, pure, deionized, distilled water; thus, factors of solvent strength did not contribute to this separation. It is possible to discriminate between these various compounds, which have subtle structural differences when they are injected as a mixture of 2 compounds (EG/BG or PPG/PG) and a low flow rate (0.1 mL/min) is used, as Figure 8 shows.
The HPMA polymeric packing material, therefore, provides a means of separating small molecules, by adsorption, and large molecules, by the size-exclusion mechanism.
Conclusions
The separation of macromolecules was demonstrated by the use of a hydrophilic synthetic packing material (copolymer HPMA/EDMA). The separation of polysaccharides and polypeptides proved to be effective through the size-exclusion mechanism with the use of adequate mobile phases. An added advantage of this material was the separation of small molecules (hydroxy alcohols) through the adsorption mechanism. This material appears to be a promising tool for the separation of several therapeutic drugs and needs further investigation.
